Formulation of calcium dialuminate (CaO·2Al2O3) refractory cement from local bauxite  by Tchamba, A.B. et al.
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a  b  s  t  r  a  c  t
Three  types  of bauxites  containing  aluminum  hydroxide  of  58.1%  gibbsite  and  19.3%  boehmite  for  BX3,
95.5%  of  gibbsite  for  BX55  and  84.5%  of  gibbsite  for BX8  were  used  with  lime at  95% of  CaO  through
solid  state  sintering  in  one  stage  to prepare  a  refractory  clinker  at 1550 ◦C.  The  powder  obtained  after
grinding  the clinker  showed  in  the  XRD  curves  the presence  of CaO·2Al2O3 and  CaO·TiO2 phases  in  the
cement  samples.  The  density  of cement  powder  varied  between  2.95  and  3.17  g/cm3 and  the  speciﬁc  area
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of powder  obtained  after  grinding  was  between  0.72  and  0.85  m /g.  The  properties  of  hydrated  cement,
W/C  =  0.33,  after stabilization  of  cement  components  for  48  h  at 105 ◦C were  showed  by  XRD,  DTA,  DTG
and  SEM  (C3AH6, AH3, CA2 and  CaO·TiO2).  The  Young’s  modulus  of  the  cement  made  varied  between  35.5
and  39.4  GPa,  and these  Young’s  moduli  were  compared  to conventional  CA14M  cement.
©  2014  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
Calcium dialuminate, CaAl4O7 (CA2), is a refractory compound
melting point 1765 ± 25 ◦C) in the CaO–Al2O3 binary system;
aAl4O7 is also found in natural terrestrial rocks and meteorites,
nd it was termed “grossite” in the mineralogical ﬁeld in 1994 [1].
urrently CA2 is of interest because CA2 exhibits very low thermal
xpansion and excellent thermal properties and is thus considered
 desirable phase for refractory applications [1–4]. It is usually syn-
hesized by solid state reaction of pure lime and alumina in two-
r multiple-stage heating, in the range 1400–1500 ◦C [1–4]. For the
onventional route of synthesis of CA2, CaCO3 and -Al2O3 were
omogenized in a vibrating disk mill with agate tool according to
heir stoichiometric composition mixtures and were decarbonated
or about 17 h at 1000 ± 30 ◦C. CA2 was sintered two  times for 5 h
t 1400 ± 30 ◦C with a milling process between the ﬁrst and second
inter processes [3]. Mechanical activation of CA2 was made using
nalytical grade aluminum hydroxide (AH3) and calcium hydroxide∗ Corresponding author at: PO Box 2396, Yaounde, Cameroon.
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187-0764 © 2014 The Ceramic Society of Japan and the Korean Ceramic Society. Produc(CH) was used as the heating material; molar mixture of 1CaO and
2Al2O3 converts to CA2 after heating at 1000 ◦C [2,5]. The early
strength development in CA2 was  very fast and the maximum
strength was  achieved during the ﬁrst day and decreased pro-
gressively after the ﬁrst day, however the strength remained high
after 28 days. Elsewhere CA2 was  synthesized from a mixture of
CaCO3 and -Al2O3 after three ﬁrings at 1350 ◦C for 4–5 h and they
obtained the remaining free CaO at about 0.02% [6]. Further, the sin-
tering of porous CA2 bodies at 1100–1200 ◦C and dense CA2 bodies
at 1300–1400 ◦C via reactive single heating techniques and study-
ing the in situ reactions by high-temperature X-ray diffractometry
(HT-XRD) obtained the anisotropy of the directional difference in
the packing density [1,7]. Calcium dialuminate is resistant to cer-
tain chemicals such as sulphate, and this shows in hot and humid
conditions.
The preparation method still requires improvement in energy
consumption. Furthermore, some workers have prepared CA2 in
a single ﬁring at 1500 ◦C from technical raw materials but their
products contained some amounts of phases other than CA2 [3,6,7].
Still the properties of incomplete sintering were low enough to be
interesting from the technological point of view. Although previous
successful preparations of CA2 required multiple high temperature
ﬁring or mechanochemical treatment, it is possible to formulate
and sinter it directly on one stage at a high temperature by solid
state sintering.
tion and hosting by Elsevier B.V. All rights reserved.
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Nomenclature
C CaO
A Al2O3
S SiO2
F Fe2O3
T TiO2
CA2 CaO·2Al2O3
H H2O
CH CaO·H2O
C3AH6 3CaO·Al2O3·6H2O
Gehlenite SiO2·2CaO·Al2O3
Spinel MgO·Al2O3
C12A7H 12CaO·7Al2O3·H2O
C4AH13 4CaO·Al2O3·13H2O
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that about 3/5 mol  of CaO is associated to alumina to form CA2 andC3A 3CaO·Al2O3
The aim of this work is the formulation of raw materials for
ynthesis in one-stage heating by solid state sintering at a high tem-
erature and characterization of calcium dialuminate cement. The
nﬂuence of impurities like TiO2 and Fe2O3 obtained from natural
auxite and lime should be elucidated.
. Experimental procedures
.1. Materials and formulation of calcium dialuminate cement
Three bauxites samples (BX3, BX55 and BX8) with D97 = 100 m
Fig. 1 and Tables 1 and 2) from Minim-Martap (Cameroon) con-
aining a majority of alumina hydroxide of 58.1% gibbsite and 19.3%
oehmite for BX3, 95.5% of gibbsite for BX55 and 84.5% of gibbsite
or BX8 were weighed and mixed with lime (95% CaO) on a labo-
atory scale with a weight ratio of Al2O3/CaO = 2.57 (Table 2) and
ater. The samples were labeled as CBX3, CBX55 and CBX8. The
ixtures were briquetted dry and heated in one stage in an electric
ufﬂe furnace with air atmosphere at a speed of 5 ◦C/min up to
550 ◦C with a soaking time of 2 h at a higher temperature. The fur-
ace we used leads to a rather high cooling rate (15 ◦C/min) from
550 ◦C to 1000 ◦C, and the clinkers obtained were powdered and
tored in a plastic made from polypropylene.
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2.2. Characterization of calcium dialuminate cement
The phase composition of cement powders produced was quali-
tatively determined by XRD using a Philips PW1710 diffractometer
with Cu K Cu = 1.54056 A˚ radiation operated at 37.5 kV and 28 mA.
The grain size distribution was performed using the granulometer
Master Sizer 2000. The density of the cement powder was stud-
ied by the helium pycnometer method. The speciﬁc area of cement
powder was  measured by BET method with nitrogen adsorption.
The cement powders were respectively mixed with an adequate
amount of water (100 g of cement with 33 g of water), for each
batch according to the standard, and cast in the plastic mold with
dimensions of 4 cm × 4 cm × 1 cm using a vibrating table at a fre-
quency of 50 Hz and 3 min  vibrating time. The hydrated cement
was left in the molds for 48 h in 100% relative humidity cabinet.
The hydrated cement was then demolded and cured at 105 ◦C for
48 h in 100% relative humidity to accelerate the hydration of all
components in the cement. The bricks of hydrated cement obtained
were cut, ground and powdered to determine phases by XRD. Ther-
mal  analysis was carried out with a DTA-TG LINSEIS (L81) coupled
RIGAKU thermoﬂex; each experiment has been done on 70–100 mg
of hydrated cement under air with a heating ramp of 10 ◦C/min. The
reference material is a calcined alumina (1600 ◦C) from PROLABO.
The scanning electron microscopy (SEM) has been carried out with
Philips XL 30 equipment on the hydrated cement to determine the
grain size and hydration process of cement components. The elastic
behavior of materials involving perfect cohesive matrix was stud-
ied. An ultrasonic technique with transductors of 10 MHz was used
in transmission mode to measure Young’s modulus values using
Hooke’s law.
3. Results and discussion
3.1. Phases formation
A mixture of raw bauxite with lime at a molar ratio of
Al2O3/CaO = 1.41 exhibits after sintering high intensities’ peaks of
CA2 with molar ratio of Al2O3/CaO = 2 of three samples of prepared
cement CBX3, CB55 and CBX8 (Fig. 2 and Tables 1–3). This means2/5 mol  of CaO is incorporated in the impurities of the bauxite as
TiO2 and Fe2O3 to form calcium titanate, CaTiO3, and ferrite mineral
phase. The absence of the Fe2O3 in the previous cement content in
f bauxite particles.
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Table  1
Mineralogical composition of bauxite by two methods’ calculation.
Mineralogical composition Quantitative balance sheet Normative method
BX3 BX55 BX8 BX3 BX55 BX8
Anatase 4.81 1.48 0.69 4.81 1.48 0.69
Gibbsite 58.13 95.52 84.53 85.29 95.69 85.05
Kaolinite 0.77 0.86 0.86 0 0.86 0
Hematite 1.85 1.71 1.31 0 1.71 1.31
Goethite 5.43 – – 6.83 0 –
Boehmite 19.28 – – – – –
Indeterminate 7.51 0.03 11.53 0 – –
Amorphous silica – – – SiO2·15/2H2O 1.16 – SiO2·80H2O 10
Sum  97.78 99.60 98.92 98.09 99.74 97
Table 2
Formulation of raw material.
Sample Bauxite (g) Lime (g) Al2O3 (g) CaO (g) Al2O3/CaO (M)  Al2O3/CaO (weight ratio)
Cement BX3 921.7 205 503.69 
Cement BX55 800.0 205 503.28 
Cement BX8 906.0 205 503.82 
Table 3
Chemical composition of bauxite and lime.
Sample SiO2 Al2O3 CaO MgO  Na2O K2O Fe2O3 TiO2 L.O.I. Sum
BX3 0.36 54.69 0.03 0.06 0.05 0.01 5.91 4.81 31.86 97.78
BX55 0.40 62.91 0.07 Nd Nd 0.03 1.71 1.48 33 99.60
BX8  0.40 55.61 0.00 0.01 0.00 0.03 1.31 0.69 38.96 98.92
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aLime Nd Nd 95.58 1.3 Nd Nd Nd Nd Nd 97.1
d: not determined.
he bauxite sample means that the Fe2O3 should mainly be incorpo-
ated in the ferrite mineral phase; this implies that minimization of
he ferrite mineral phase (tetracalcium aluminoferrite, C4AF) would
nly be possible by reducing the content iron in the mineral phase
f cement. The possibility of the minimization of the ferritic mineral
hase in the calcium alumina cement was studied by other authors
6,8]. They obtained during the crystallization process of calcium
lumina cement clinker that the Fe2O3 is ﬁrstly incorporated into
he crystal lattice of CA, the rest of Fe2O3 crystallize afterwards
s the ferritic phase. The absence of the ferritic mineral phase on
RD is due to the incorporation of Fe2O3 in the lattice of CA2. The
race elements like MgO  and SiO2 present in the bauxite are being
ssociated to alumina to form spinel (MgO·Al2O3) and gehlenite
Fig. 2. XRD diffractogram of cemen195.93 1.41 2.57
195.93 1.41 2.57
195.93 1.41 2.57
(SiO2·2CaO·Al2O3) but these compounds are not very visible on
XRD diffractogram (Fig. 2). The absence of any peak belonging to
CaO·Al2O3, Al2O3 and CaO on the diffractogram (Fig. 2) suggests
that transformation of CaO·2Al2O3 is completed. In the conven-
tional preparation route by high temperature solid state synthesis,
there is usually a CaO phase with alumina Al2O3 from bauxite before
the appearance of the desired product phase. When the starting mix
was prepared for CA2, initially calcium was  formed in large amounts
which, with time and temperature, converted to CA [2,4,5]. Con-
trary to this observation, CaO has been reacted with amorphous
alumina obtained from the dehydration of bauxite to form CA2 and
calcium titanate CaO·TiO2.
The reaction sintering equations can be as:
4Al(OH)3
gibbsite
+ Ca(OH)2
Calcium hydroxide
→ CaO + 2Al2O3 + 7H2O (1)
CaO + 2Al2O3 → CaO·2Al2O3 (2)Furthermore the CA2 obtained was similar to the one obtained
by Kumar et al. [2], when they conventionally obtained CA2 from
the mixture of CaO and Al2O3 in two- or multiple-stage ﬁr-
ings between 1400 and 1500 ◦C for 2 h and by other ways from
t base calcium dialuminate.
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CFig. 3. XRD diffractogram of hydr
echanical activation of the mixture of calcium hydroxide and
luminum hydroxide and then treating it at 1000 ◦C.
The hydraulic activity of the prepared CA2 was studied using
RD, DTA and DTG. Fig. 3 shows the XRD patterns using Scher-
er formula of a hydrated cement W/C  = 0.33 after curing at 105 ◦C.
ll the samples CBX3 (105), CBX55 (105) and CBX8 (105) show
ne part of calcium dialuminate (CaO·2Al2O3), calcium titanate
CaO·TiO2) and hydrated components tricalcium aluminate hexa-
ydrate (3CaO·Al2O3·6H2O), associated to gibbsite (Al2O3·3H2O).
The reaction of the hydration process is presented as follows:
aO·2Al2O3 + 9H2O → CaO·Al2O3·6H2O + Al2O3·3H2O
The theoretical water used for the stoichiometry of the reac-
ion is evaluated by H/CA2 = 0.484. According to the literature [9],
he kinetic reaction with the temperature of this reaction has not
et been studied. The microstructure of this phase in hydrated
ement is not fully understood, although an amorphous phase is
ormed. Therefore, the XRD diffractogram is not very suitable for
uantitative determination. Also there are certain phases, which
re amorphous by nature. Therefore, the use of thermal analysis
echniques is very important in the study of cements as it gives
nformation on the hydrate phases present in the hydrated cement.
Fig. 4(a)–(c) shows DTA and DTG curves of the dehydration of
ydrate cement with time and temperature. At about 250 ◦C, the
rst magniﬁcation on the DTA curve mentions the dehydration of
H3 followed by the reaction:
l2O3·3H2O → Al2O3 + 3H2O
t about 310 ◦C, the magniﬁcation of katoite Ca3[Al(OH)4]2(OH)4 is
haracterized by the reaction:
a3[Al(OH)4]2(OH)4 → Ca3[Al2(OH)3]O9/2 + 9/2H2O
nd at about 500 ◦C, the compound C3AH3/2 is dehydrated to form
alcium aluminate compound and water by the following reaction:
a3[Al2(OH)3]O9/2 → Ca3Al2O6 + 3/2H2O
his compound, (Ca Al O ), will react to alumina from gibbsite3 2 6
nd produce an exothermic reaction at 950 ◦C to form crystalline
Ca3Al12O21)CA2. Following the equation:
a3Al2O6 + 5Al2O3 → Ca3Al12O21ement base calcium dialuminate.
In the conventional preparation route which involves hydra-
tion of calcium dialuminate cement, the thermal decomposition of
C3AH6 appears at 300 ◦C after 28 days curing and at 254 ◦C from the
mechanochemical route synthesis. The results obtained on DTA–TG
curves give this magniﬁcation at about 310 ◦C. This means that the
C3AH6 obtained after curing is similar to the one by conventional
route of synthesis of CA2. The hydration products obtained, C3AH6
and AH3, from other authors are similar [1–7]. The dehydration
magniﬁcation of C12A7H at about 800 ◦C and CH at about 530 ◦C [9]
was not observed on the DTA–TG curves. These compounds have
a low melting eutectic point as shown in the phase diagram of
CaO–Al2O3; this means that the hydrate products are C3AH6 and
AH3.
Hence calcium dialuminate cement may  offer good resistance
to sulfate attacks due to the following reasons: the absence of CH
after hydration of cement components, the presence of a protective
coating of alumina gel and the low reactivity of its hydration prod-
ucts C3AH6 with sulfate ions. When CH is present, this later reacts
with sulfate ions leading primarily to the formation of gypsum con-
sequently, and the formed gypsum can also participate in ettringite
formation by reacting with monosulfate and the other alumina
bearing phases (such as C4AH13 and hydrated C3A) [10]. Expansion,
cracking, softening and loss of adhesion of cement paste attributed
to the formation of gypsum and ettringite is the manifestation of
chemical sulfate attack.
The studies made by other authors conﬁrmed that the degree
of hydration of CA2 phase increases depending on the route of
mechanical activation of CA2 [5,7,8]. The process of hydraulic set-
ting of cement seems to be sped up by the elevation of temperatures
higher than 40 ◦C or the presence of minor phases in the cement
like aluminoferrite, gehlenite, pleochroite and perovskite, such as
in this study. The calcium dialuminate is capable to participate in
solid solutions, by incorporating Fe2O3 and TiO2 in the lattice of
CA2.
3.2. Size and microstructure of stabilized bodies
Fig. 5 shows the spherical morphology of particle size distribu-
tion of three samples of cement. The particle size ranged between
0.3 and 200 m with D90 = 100 m,  D10 = 3 m and the medium
diameter of cement D50 = 30 m for CBX55 and CBX8. Elsewhere,
the particle size of cement CBX3 grounded to D90 = 100 m and
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tFig. 4. (a) DTA and DTG curves of hydrated cement CBX3. (b) DTA and DTG cu
10 = 2 m with a medium diameter of D50 = 15 m.  The resulting
articles exhibited a more coarse grain size than the conventional
lumina cement which shows that the particle size ranged between
.3 and 100 m with D90 = 52 m,  D10 = 1 m and the medium
iameter D50 = 4 m.  The granulometry curves show that the grind-
ng of this cement was less efﬁcient than the conventional one.
Table 4 displays the speciﬁc area BET using nitrogen adsorp-
ion to characterize cement powder. The speciﬁc surface of powder
Fig. 5. Distribution sizes of cemef hydrated cement CBX55. (c) DTA and DTG curves of hydrated cement CBX8.
sintered varied between 0.72 and 0.85 m2/g with a bulk density of
2.95 and 3.17 g/cm3, while conventional alumina cement displayed
bulk density of 3.02 g/cm3 and speciﬁc surface area of 1.66 m2/g [9].
This justiﬁes that the density of this cement is higher due to the
presence of heavy titanium oxide and ferrous oxide in the cement
powder. Furthermore there is a relationship between speciﬁc sur-
face and the Young’s modulus of cement after the hydration; the
more the speciﬁc area BET of cement, the higher is the Young’s
nt CBX3, CBX55 and CBX8.
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Table  4
Pycnometer density and speciﬁc area of cements.
Sample Mass (g) Adsorption (m2) Desorption (m2) Speciﬁc area (m2/g) Pycnometer density
1.15 
1.29 
1.32 
m
r
tCement BX3 1.6078 0.83 
Cement BX55 1.5203 0.35
Cement BX8 1.8655 1.00 
odulus developed by the cement. This means that the hydration
eaction of cement is ameliorated by speciﬁc area exhibited [5,9].
We observed from micrography Er (back scattered elec-
rons) associated to cartography of cement six chemical contrasts
Fig. 6. SEM of cement CBX3 at 105 ◦C (a and b) in secondary electrons and (c) in back0.72 3.17
0.85 2.95
0.80 2.98
which are as a drawing on the picture (Figs. 6–8). The
black lines which increase in quantities from CBX3, CBX55
and CBX8 represent the opened pores used by carbon from
resin.
 scattered electrons. (d) Cartography and (e) electron dispersive spectroscopy.
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lFig. 7. SEM of cement CBX55 at 105 ◦C (a and b) in secondary electrons and (c) 
The gray clear volumes represent one part of CA2 after hydra-
ion of cement; the gray matrix represents the C3AH6 associated
o AH3; the bonding role is favored by C3AH6 and AH3 interlock-
ng the hydrate product. Moreover the white stain represents the
erovskite CaO·TiO2. The trace of iron oxide and silica is not easily
isible for this echelon of magniﬁcation.
In secondary electron microscopy (Es), pore sizes are in micro-
etric order and could attain 200 m;  the cement grain sizes are
ore or less rounded and can be about 100 m in diameter. The
atrix of this compound may  develop hydraulic links from which
e could measure the Young’s modulus after hydration and stabi-
ization at 105 ◦C for 48 h.k scattered electrons. (d) Cartography and (e) electron dispersive spectroscopy.
Calcium aluminate cement reacts with water to form two main
hydration products namely CAH10 and C2AH8, as well as little
amount of AH3. CAH10 and C2AH8 compounds are metastable
for over long periods of time or at elevated temperature trans-
form to the hydrogarnet phase (C3AH6), which is known as the
conversion reaction [11]. The hardened heat calcium aluminate
cement cured at 38 ◦C shows the highest porosity. This is due
to the conversion reactions of the two  main hydrated phases
CAH10 and C2AH8 to the cubic hydrogarnet phase (C3AH8). The
increase in porosity is due to the difference in relative volumes
of the phases. The conversion of CAH10 to C3AH6 results in a vol-
ume  reduction to about 50%, whereas that of C2AH8 to the cubic
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The Young’s modulus of hydrated and stabilized cement at
105 ◦C is observed in Fig. 9. The Young’s modulus value of cement
Table 5Fig. 8. SEM of cement CBX8 at 105 ◦C (a and b) in secondary electrons and (c) i
hase results in a decrease of about 65% of the original volume
f the reactants [12]. Thus, the major impact of the conversion
rocess is the increase in porosity and the decrease in mechan-
cal strength. On the SEM Figs. 6–8, the additional pore seen
omes from the conversion process of hydrates after stabilization
t 105 ◦C.
It is well known that the structure of calcium aluminate clinker
s not easy to identify because there is much more variability from
ne clinker to another or even between different parts of the same
linker, as a result of the different cooling rates. The crystallite
izes may  vary considerably from ﬁne to coarse, consequently with
ndifferent grain sizes [8,10,13,14]. scattered electrons. (d) Cartography and (e) electron dispersive spectroscopy.
3.3. Young’s modulus of hydrated cement after stabilization at
105 ◦CIntrinsic Young’s modulus of cement phases.
A CA CA2 CA6
Young’s modulus (GPa) 416 119 124 301
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[Fig. 9. Young’s mod
roduced is higher than the conventional cement used by other
uthors [1,4,9]. The increase of Young’s modulus of sintered cement
s due to the excess of a very refractory CA2 compound than the con-
entional cements that contain majority of CA less refractory and
ot more rigid (Table 5).
The advantage of the low thermal expansion of calcium dialu-
inate is in anticipating an excellent thermal shock resistance in
he refractory composites. The precondition of this is that grain size
istribution of the mixture has to be adjusted so that the continu-
us CA2 matrix will surround larger, dispersed and isolated grains
f the other constituents.
Samples CBX55, CBX8 and CBX3 show respectively 39.4, 37.9
nd 35.5 GPa of Young’s modulus when compared to sample CA14M
f 28 GPa; the high rigidity of cement based calcium dialuminate is
rom its high contents of CaO·2Al2O3 than the cement CA14M which
ontains majority of CaO·Al2O3 than CaO·2Al2O3. CaO·2Al2O3 is
ore rigid than CaO·Al2O3 [9]. The shear modulus is between 13.4
nd 16.6 GPa with the Poisson coefﬁcient ratio varying between
.19 and 0.33.
Elsewhere, the Young’s modulus value of sample CBX55 is
igher than that for CBX3, characterizing the higher alumina
ydroxide content in BX55 than BX3 (Table 1). This indicates that
he reaction favored calcium dialuminate is focused on gibbsite
ontent in the bauxite [15].
The expansion will not be affected by any tangible mutual inﬂu-
nce of chemical nature up to very high service temperatures. The
bsence of silica in the bauxite could extend the chances of appli-
ation to linings such of large scale installations of steel ladles and
ement kilns.
. ConclusionsThe prepared cement powder is composed of reacted calcium
ialuminate, CaO·2Al2O3, and calcium titanate, CaO·TiO2 (CT);
erovskite is produced after formulation and heating in one stage
f the mixture at 1550 ◦C. Secondary and trace elements are not
[
[
[
[f hydrated cements.
seen on XRD diffractogram as tetracalcium aluminoferrite, spinel
and gehlenite. The hydration of these cement powders and their
stabilization at 105 ◦C gives C3AH6 and AH3 and another part of
CaO·2Al2O3 and CaO·TiO2. The hydrated compounds C3AH6 and
AH3 were present, but CH and C12A7H were absent in the hydrated
cements. The rigidity of the cement is related to the speciﬁc area
exhibited and the density of cement is higher due to the presence
of heavy elements like Fe2O3 and TiO2. The formulation of cement
using bauxite and lime in a molar ratio of Al2O3/CaO = 1.41 gives
by direct process and in one-stage sintering a calcium dialuminate
cement, which when hydrated at 105 ◦C gives a Young’s modulus
value of 39.4 GPa.
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